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1. INTRODUCTION
v The first phase of the Nuclear Engine for Rocket Vehicle Application

program (NERVA), is nearing completion. This first phase is concerned with the
development of basic technology to support teactor and emgine design. As part
of this development a series of reactor and engine tests were made at the Nuclear
Rocket Development station in Nevada., Attendant to hi,h temperature operation of
a gas cooled reactor with unclad fuel elements is the release of radioactive
fission products., In order to determine the magnitude of the release of these

fission products, a fission product diffusion program was initiated at WANL in
1962,

V) This repcrt summarizes the experimental methods utilized in the fission
product diffusion program over the period September 1962 to September 1968.

(v) The fission product diffusion program consists of two parallel courses:
w; The first of these is an experimental program conducted in the Physical

Sciences Laboratory at WANL. Solid state diffusion studies on the release of
fission products from various types of NERVA fuel were made as a function of

time and temperature.

v The second course of action was the measurement of the quantity of
fission products released during the various reactor tests made by WANL at the
Nevada Test Site,

(v Diffusion constants derived from fission product release rates obtained
in the laboratory were used as input to a computer code, FIPDIF, which was
developed to determine the magnitude of fission product release during NERVA
reactor tests. Measurements of the actual fission product release during tests
were used to evaluate the accuracy of the calculations. The measured values of
fission products released during a test were also used to modify the input to the
code. Thus, via an iterative process the accuracy of the predictions was improved.
()] This report also summarizes the significant results of laboratory experi-

ments on fission product diffusion repoi:=d previously and provides a tabulation
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of the fission product release and source term measurements wmade on the NRX
series of reactor tests. This information is used as a basis for calculating
the expected release of fission products from R-series reactors which will be
built for the preliminary flight rating phase of the NERVA Program.
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I1. FISSION PRODUCT RELEASE DURING NC 1AL QPERATION
A. Tynes of Fuel
u The progressively improved performance of the NERVA reactors, starting

with the KIWI prototypes through the A6, reflects the improvement in the fuel
used in these reactors. The changes in the fuel of the different NRX series
reactors are discussed helow in terms of the effect of these changes on fissicn

product release.

1. Type I Fuel

(C-RD) The KIWI reactors, including the KIWI B-4, were fueled with Tyvpe I fuel.
In Type I fuel, an admixture-type fuel, uranium carbide particles, 8 to 10
microns in diameter, are uniformly distributed throuchout a graphite matrix.
Some limited release studies have been pcrformed(l) on this fuel which indicate
that the release of tission products was large, as shown in Table 1, These data
were not sufficier to derive diffusion constants. The admixture-type fuel was
abandoned for use in the NRX-series reactors because of mechanical problems

arising from appreciable hydrolysis of UC, kernels.

2. Type 11 Fuels

(C-RiY)  The NRX-A2, A3, A4 and A5 reactors were fueled with a bead-iype fuel,
desicnated as Tvpe Il Fuel. In Typc IT Fuel, the UC, is uniformly dispersed
throuphout the graphite matrix in the form of microspheres, or beads, with the
averape Jiameter of 100 microns. Around the uc, beads, a sirele 27 micron thick
layer of laminar pyrolytic gravhite was Jeposited in one operation.

(C-TD)  So called duplex fuel has been found(?) to have superior UC, migration
resistance compared with Type IT fuels. The duplex fuel used in release
experiments had two 12.5 micron thick layers of pvrolyvtic graniite deposited

in two separate operations with a cooling period hetween operatioms. This

deposition process results in i1 similar 25 micron thickness of pyrolytic
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graphite surrounding the fuel bead but exposes the UC, to lower temperatures
during the second coating process.

(C-R) The slight differences in fabrication methods of Type Il and Type II
Duplex Fuel do not have arv effect on the release of fission products since the
major diffusion barrier is a 25 micron thick laver of aminar pyrolytic graphite
i. either fuel tyvpe.

{ty The diffusion characteristics of the major contributors to the total
fission product activity in irrediated Type 11 Duplex Fuel have beer carefully
deternined.(a) The release of all nuclides by diffusion can be described by an

ecuation of the form
f = g, exp(-Dyt) + g, exp (-Dyt) {n

where ¢ is the fraction of a given ruclide retained in the fuel, t the heating
time, ¢; the fraction of that nuclide which diffused at a fast rate, characterized
by the rate constant D;, and g, the fraction which diffused at a slow rate,
characterized bv the diffusion constant D,. The temverature dependence cf the

rate constants 1is believed to follow an expression cf the form
Dl = DO exp(-E/RTx) (3)

where b; is the diffusion rate at an absolute temperature T; , D0 1s a frequency
factor and E/R an activation energy.

W It should be emphasized that equation (1) refers to a given nuclide,
for example Sr%%, In order to incorporate the two-term rate cquation (1) in the
FIPDIF Code, artificial 'O-isomers' were postulated such that the release of
sr?? by diffusion first proceeds rapidly by releasing the Sr-0 isomer, then by
the slow diffusion of Sr8?, In cases where the release by diffusion proceeds

in a one-step process, the term g; exp(-D;t) in equation (1} becmes zero and g,
assumes the value 1,00, The diffusion constants measured in release esiperiments

for selected nuclides from Type Il Fuel are sumrarized in Table II.
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3. Type III Fuels

a. Type 111 Fuel
(C-RD) In order to predict the fis_ion product release durine a hypotheti:zal
loss-of-coolant accident, diffusion data were collected on Type Il Duplex Fuel
which had been heated for 30 minutes at 2500 °C before irradiation. The initial
heat treatment was intended to simulite the thermal transient a NERVA reactor
would undergo should a loss of coolant occur. The heat treatment caused the UC,
to migrate resulting in a dispersion of small UC, crystallites throughout the
matrix of the fuel element. The fuel was ‘degraded® and was desigrated as
Type I11.
(C-RD) Mme set of conditions under which Type Il Duplex Fuel degraded to
Type 111 Fuel was determined(") as heating for S minutes at 2250 °C. Both,
Type 11 Fuel and Type 11 Duplex Fuel degrade under the same conditions as shown
in Figure 1. Each point plotted represents the fraction of total eamma activ . -
released from 5 minutes of heating. The break in the fraction released versus
temperature curve at 2250 °C indicates the onset of degradatioan.
(v) Tre ¢iffusion ccnstants -easured(3) for <elected fission products in
Type 111 Fuel cre susmarized in Table III.

b, Tyvpe IIT NbC Fuel
(C-RD} FIPDIF predictions based on uncoated Tvpe II Duplex Fuel were high
compared with measured release values from reactor tests., It was reasoned that
the only way by which fission products could reach the ogutside of an operatineg
NERVA reactor was by diffusion into the NbC coated coolant channels and then
being swept out of the coolant channels by the hvdrogen flow. Thus, for FIPDIF
predictions, diffusion data should be used which had heen derived from fuel
samples which had hera comnletely coated with NbC. Such samples were prepared
by the vapor phase decomposition of XbClg on 1/4-inch Type II fuel sections at
1800 °c. This process resulted in depositing a one-mil laver of NhC con the
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TABLE III. Diffusion constants for selected fission products irn Type 111 Fuel.

* Abundant_:e Represen?ative D, . E/R
Element at Zero Time Nuclide (Sec™") (°k x 103)

\h 10.18 \b I3 se 0 0
Sr 8.05 S99 1.63 11.3
Rb 7.71 . 0 0
Y 0.81 Y9N 0.379 17.0
\e 5.98 Xel33 1.63 11.3
Cs 5.86 cs13? 0.477 10.5
Kr 5.73 Kr87 1.63 11.4
Ir 5.62 ba 21 0 3
Br 5.3 . - 0 0
Ba .72 Bal®o 1800 2.2
Sb 4.70 sbi2? 0.779 17.0
1.70 i 2.67 158.2

La 3.70 Lal®0 21.6 235.9
Ce 3.50 Calbl,ln% 0.779 17.9
Te 2.97 * . 0 0
Te 2,97 Tel2? 0.0805 15.1
Mo 2.83 w99 0 0
Se 2.37 . _ 0 Q
Pr 1.65 .. 0 0
Sn 1.45 Sn125 18.4 18.2
Ru .10 Rul03 0 0
Ag 0.03 Aglll 1 20.0

TOTAL -- 96.99

a2 o 2 re 2 o o

* Diffusion constants for nuclides of these elements have not been mcasured.

22 Values of zero indicate no diffusion of these clements.
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outside flats and ends of each 1/4-inch fuel section and also added one mil of
WbC coating to the existing one mil NOC linings of the coolant channels. After
coating, the samples were degraded as described above. A summary of diffusion

- - . 5
constants for some fission product nuclides are given in Table I\'.( )

(V)
TABLE IV, Diffusion constants for Type [II N~C Fuel.

Nuclide D (Sec™) E/R(K x 10%)
Sr8? 1.35 x 1013 15.1
Sb127 9.27 x 1012 48.1
Bal®® 2,29 x 109 57.2
Lal®? 7.02 x 106 32.1
i3z 7.91 x 102i 87.7
Tel29 2.61 x 1loG1* 4.0

4. Triplex Fuels

(C-RD) The NRX-A6 reactor was fueled with an improved headed fuel, designated
as Triplex Fuel. In this type of fuel the UC, kernels, with an average diameter
of 100 microns, were coated with a one micron thick laver of low density, spongy
eraphite and with two more layers of istropic pvrolytic carbon to a total coat-
ing thickness of 25 microns. Triplex Fuel was developed to reduce bead damage
due to thermal expansion of the UC, kernel during long reactor rumns. Diffusion
data were generated on five configurations of Triplex Fuel: Uncoated Triplex
(bores coated), NhC-coated Triplex, completely uncoated Triplex (bores stripped),
NbC-Mo-coated Triplex, and Degraded Triplex.
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:« Uncoated Triplex Fuel
(u) Tr>» release of selected fission products from tmcoated Triplex Fuel was
studied cn !'74-inch secticns of the 'as received' fuel. The diffusion comstants

&)

derived from these release acasurenentsis) are listed in Tabhle V. A ccaparison
betueen the fi<sion product release rronerties of Type Il and Triplex Fuel 1s

presented in Fieure 2.

)
TABLE V. Summary of diffusion constants for metallic fission
products from uncoated Triplex Fuel.

Nuclide D, (Sec™’; E/R (% x 103
sr8? 9.66 x 1077 30.2

A &L 0.24 210
Aglll (a) 1.80 x 10772 19.2
g1 1.9 x 10°" 0.8
sni2s 1.30 x 107" 428
{131 1.53 x 10°° 73.3
Ral®? 1.12 x 107" 21.3
Lalde 1.37 x 107° 51.0
Cel*l (a) 2.03 x 1073 39,2

{a) Hand calculated from three release rate measurements.

(1 ross gamma release fractions from samples used to determine the degrada-

tion threshold are civen in Table VI. The gross gamma release data for samples

. . 7
heated for 5 minutes as a function of tempcrature( ) are shown in Figure 3,

11
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TABLE VI. Degradation Experiment on Triplex Fuel,

e

Time Temperature Gross Gamma
\inutes °c Release
S 2100 0.018
5 2200 0.033
S 225C 0.019
) 2300 0.042
S 2350 0.104
5 2400 0.183
5 2450 0.244
S 2500 0.292
S 2300 0.042
10 2300 0.051
15 2300 0.080
20 2300 0.114
22.5 2300 0.091
25 2300 0.100
30 2300 0.144
a5 2300 0,263

(C-RD) It may be seen that at 2350 0(‘., the gross gamma release is much higher
than the expected release frca an extrapolation of the lower temperature data.

It anpears that for Iriplex Fuel hcated for 5 minutes, ai temperatures of 2300 °c
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and lower, fission product release is relatively slow and infers that the fuel
beads are intact. At temperatures of 2350 % and higher, fission nroduct
release is relatively fast. This is a characteristic of degraded fuel beads.
The transition region from intact to degraded fuel is besween 2300 °C and

2350 °C. A similar experiment(*) on Type I1 NERVA Fuel showed this transi'ion
region to be somewhat lower, between 2200 and 2300 °C.

(V) Although the fuel beads appear intact at 2306 °C when heated for 5
minutes, it wmay be seen in Figure 4 that degradation occurs at this temperature
when the fuel is heated for a sufficieat time. At some time between 25 and 30
mirutes there is an increaseu rate of pross gamma release indicative of fuel

degradation.

b, NbC Coated Triplcx Fuel

(C-RD) To derive diffusion constants, release measurements of some fission
product nuclides were carried out on 1/4-inch fuel sections whose outside flats
and ends had been coated with a one mil thick layer of NbC; the coolant channels
were lined with a 2 mil laver of NbC. The diffusion constants derived from these
release measurements(s) are summarized in Table VII. It should be mentioned here
that the diffusion constants listed in Table VII are not necessarily to be used

as input data to the FIPDIF Code for release oredictions for NRX-A6 type reactors.
The constants finally accepted for FIPDIF computations have been modified by
postmortem release measurements on the NRX-A6 reactor and are discussed and listed

in Section C of this chapter.

c. Com>letely Uncoated Triplex
(C-RD) The samples used for all preceding experiments were obtained from
production fuel elements which were processed completely including the NbC coat-
ing of the channels. Diffusion constants desionated "'ncoated Friplex" were
derived from experiments usine this type of fuel. The question arose concerning
the effect of this chanunel coating on the rclease of fission products, since

the surface area of the channels accounts for about 52 percent of the total
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TABLE VII. Summary of diffu<ion constants for metallic
fission products from Kt ‘oated Triplex Fuel.

Nuclide Ly (Sec™h) E/P(CK x 10°)
Sr89 0.29 35.5
y9l 1.94 x 107" 14.1
cal! m 2.76 x 1072 58.2
snl25 1.95 x 1072 27.0
Bal®? 3.62 x 1072 20.3
Lal®? 0.43 54.9

geometric surface area of a 1/4-inch slice of fuel. A special fuel element was
obtained which was processed in the same manner as the other elements cxcent for
the fipal NbC coatine of the channels. FLiecht 1/4-inch slices of fuel from this
element and eirht slices from a channel coated element were used in an ex-eriment
tc determine the chamnel coating effect. Two samples of each type were used as
controls and the remaining 12 werc subjected to post-irradiation thermal anneals
at 2100 °C. Two samples of each tyvpe were heated for 15 ninutes, two for 30
minutes and two for 60 minutes. The samples were heated individually, not
simultaneously. The gross gamma release was determined by camma countinr before
and after each heat treatment. The samples were then dicsolved and analvied
radiochemically for Sr82, cd!!5™ spl25  and Bal“? to determine specif:ic nuclide
release. The results obtained are summarized in Table VIIT and presented
graphically for the 60 minute hcating period in Fiqure 5. The largest variation
appeared in the gross camma release. Little significance should bhe attached to

this, however, because the composition of gross fission prcduct actiity charaes
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with ti1me, and the heating of the samnles covered a period of seven davs., Other
cxnerimental data <hows that the gross camma release Jecreases with samle ace
w=3cn othev conditions remain constant. Since the channel coated samnles were
ncated last, some reduction in eross eamma release was expected. Sample xge Jdoes
not erfect the release alues for specific nuclides fecause all samples are
<corrected to a2 common Time. in general <lichtly greater release of specific
ruclides was chserved from the completely uncoated samrles.  The exception to
this was 2773 for which the resulis were reversed. The experimental errors
tnvolved could accousnt vor the variations in either case. It is concluded,
therefore, that within the experimentzl error limits, fission product release

from camrletely uncoated fuel is the same as for channel coated fuel.

d. Moivbhdenum-Coated XhC Triplex Fuel
{U=-R1) The most 1ccent immrovement in fucl development is to deposit an
additioral laver of molvhdenum in the coolant channcls. A preliainary experiment
to Jetemine the effect of this coating or fission nroduct diffusion was performed
and renrorted previowsly.’bl Another experimeat xas conducted usirg this fvpe of
fuei at hicher temperatures te acquire more complcte data.
{C-¥)  Tris experiment consisted of cighteen 1/4-inch slices 2f Triplex Fuel.
Tan slizes, which were used as controls, were sectiorned from a production run
fuel clement and used without further nrocessing. The otier sixteen sa=nles, also
tiken fror a nroductior rur fucl clement, wore eiven an additvional coating of \bC,
This coating, applicd by vamor deposition of AhClg at 1800 OC, was 1 mi1l thick on
tie surfaces which vere previously uacoated and avprexirately 2 mi1ls thich in the
voolant chanrels. An additional ceatine of aclvhdenum was then placed on the XbC
surface.  This was also done hv the vanror deposition metiod. Tace average thickness
of the =wclyhdenum laver was calculated to be about 0.2 mil. The ramples were

-rruitated to a level of approximately 3 x 167 fissions cach, and then acated

1ndividualiy at varvine times and temperatures . vacuum. The heatine time

roriads ranged from 5 winutes te 60 ninutes.  The sclected © ¢ rat.~2s were
s - - - 3 - - - -

correctel for cw1<sxv1tv( ), reaiiTel “or coater sam - . i wr-parent

readings of Zlen O¢, 2270 ¢ 2330 ¢
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TABLE VIII. Comparisor of the fractional release of selected
fission products from uncoated aid channel-coated Triplex
Fuel at 2100 OC,

Nuclide Fractional Release Sample Tvpe
1§ min 30 min 60 min

Sr-39 .3520 .310 .04t Uncoated

.491 A70 508 Chanuel {o-.ted
Cd-113m - 187 .276 .352 Uncoated

. 161 366 .633 Channel] foated
Sn-125 <232 +376 <332 Uncoatad

.098 .218 .500 Channel Coated
Ba-140 .532 .530 .678 lincoated

- 379 436 BN Channel Coated
Gross Camama 090 096 .18¢ Uncoated

.039 .00d 130 Channel Coated

and 2500 °C nroduced true temneraturce values of 2000 °C, 2100 °C, 2200 °c and
2300 “(I, respectively.,  After heating, the samnles were dissolved and analvzed
radiochewically to detemmine release fractions. The results arc nresented in
Table IX. These values were comparced with values obtained from uncoated fuel
and \bC-coated fucl. Ir cencral, for corresponding times and temperatures, the
rreatest release came from uncoated fucl, the sxzallest rclease nas from \NhC-
coated tuel, ard the \XtC-molvhderum-coated fucl values fcll in hetween, An
exanple of this is given in rigure 6 which shoxs the relcase of Ba!*? from the
threc types of fuel. Tae isothems for \bC-coate! fuel arc not exactly the same

temneratures as the otners hecause of enissivity corrections, but they are close
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RESIRICIGD-DALL

MmeninlneypebhetuslGNp 19



o T
RESIRICIED=-DAIA () tovcien

(Tais page is unclassified.) BANL-TME-189%

- ——————

1
:
;
Yy A :
- 4 I ',j g 4
| b .
y * |
b 4 '
[ ) i
- ) 4 ;4 ‘
4 r A i
A Y A ‘] !
A o A :
- r .o
: | b . ]
:; & y. 4 { [ ,’J r’/ 1 :
s + 4 V‘ ’ 1
< ) :
= - [ 4 4 ‘
5 4 i 1 1 4 i
h L 1 4
4 1
4 :
- y !
y :
y 3
b
| 1 l
y A A L - 4
1 4 H
y A f i
- 1 1 .
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Triplex Fuel after heating for 60 minutes at 2In¢ C.
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enough for cor-arison. Since it is doubtful that molvbdenum enhances diffusion,

the results obtained were probably due to experimental uncertairties. One source
of error could be slight cloudine of the temperature monitor sight glass while

heating the molybdenum-coated samples. Another source might be the temperature

correction curves used to convert apparent temperatures to actual te'eeutures.“)
These correction curves had been derived from emissivity measurements on Mo-NbC-

coated samples which had been previously hecated once to 2000 °c.
(C-RD) Although the results were not completely satisfactory, it is concluded
that a thin coating of molvbdenum has little or no effect on fission product
release.
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B. Summary of Reactor Runs and Release Data

(m From 1964 through 1967, five reactors in the \RX series were tested at
various pover levels and run times. Each operation of a reactor was designated
as an Experimental Plan. The early Experimental Plans for each reactor, usually
EP-1, FP-2, and sometimes EP-3, were criticality and calibration measurements.
Fission product release from the reactor during these runs was insigrificant
hecause activity generation .as small and operating temperatures were low.

Durine the later Experimental Plans, however, whem activity gemeration was large
and operating temperatures high, fission product release became significant, and
was measured whenever possible. Data pertaining to these rums are given in
Table X. XRX-Al was omitted from this tabulation becausec it was a cold flow test
and ro activity was generated. The integrated power values given are those which
were recorded bv the power integrators at the Control Point. The mumber of
fissions was determined by multiplying the megawatt seccnds bty the conversion
factor 3.245 x 10!® fissions per megawatt second. The total inteprated power
and total fissions for each reactor are inclulded in the table.

(u) The total release of fission product act.vity by diffusion was measured
for each of the five reactors by post-operational fuel analysis. Release data
for these reactors have been reported previousl_v."’“’g'm'“)
(1) A comparison of the release of selected nuclides frum the various NRX
reactors is presented in Table XI. The release activity is given in terms of
curies at time of shutdown. This was calculated by multiolving the fractional
releasc by the total amount generatcd from all Experimental Plans. For example,
Jurine the NRX-A6 test, 1.46 x 1023 fission events occurred. This number of
fissions potentially produces 2.966 x 10" curies of Sr8? at zero timc. The
exnression potentially is used because all mass 89 atoms are not sr3? atoms
inmediately, but become Sr3? atoms through decay of mass 89 chain precursors.

Post-operational fucl analvsis gave a fractional release value of Sr8? of 0,0296,

CONHBENTHAL

RESTRICTE: DATA

wrresrn 24

’.AM



A Al Bl DA 2o & o SN Ll N BN S re Wil N Bt Bl B b & Sl B RA B J bt Bedt 1o i Mo Bedmt boo o s S

ERREE ALY E TE TN WY ¥ AFRVAVRPY "E R IR T R S R AR N s o

gell X 9p°l gui X 05°p [y

S0l X sp°l Ut X vy 09 as Tl coee1=21 Veeul

cel X 10° gl X ¢1* b 06¢ AU Ly t=di OV =\UN

2eul X 82°L Ul X pC°¢ 1oy

7201 X po'g T Xzt st a0t 99-£7=9 bedl

2zl % po'y o0l X Z1°1 51 0801 9Y=f=9 t=dd CYeNUN

2z X 96° 11 O X pR°O¢ 1e30)

2200 X p2°¢ sOI X 86’6 vi 0601 09-57=¢ Vi-di

01 X p2°¢ 01 X 8G°¢ £ ocuol 4991 =¢ v=di

zz0l % z28°¢ SOT X 69°8 Yugddep o 2 §L11 Y9-¢=¢ ¢ ~dil

20t X o¢° 1 Ol X [£°p - 6E% 99=11-¢ A ~dd

2201 % 92°1 01 X BR°S - 05§ 99-5-2 42-dJ PVeNEN

201 X 81°S sOT X 9G°ST tvavg

Zz0T X 1p°1 0T X 58V gv suydduy; §9-87 -5 9-dil

220l x pL°2 Ol X Gp°8 £t 00ntt- g9-0Z~§ S-di

20l X g0t sOT X H{°¢ y 0ntt- S9-g2-¢ v-di EV-XUN

0l X 12°1 01 X% §L°¢ fviog

7201 X ¥1°0 S0T X §9°0 9t 09 - y9-51-01 §-dd

2201 X L0} Ol X 0g°¢ 9 0ott- po=rZ=0 p-dd CV-XiN
[ang Ul padnNpodd (Spundag-313umedey) (salinugyy) owil ($33nmBEdN) 918() uetd 1039e9y

LUoissyd jo Jdaqun uo:cmwmwucuuaucn ummrnxouaa< J0MOY WU EXT) [ejudwiLadxy

BIY( 353 2030vaYy $8720¢ XAN °X TVl



(:::>lsnonucnun
Laboratory
WANL-TME - 1396

I, AR A I B,

‘damod [N JO JUTUUTTAQ 29330 SIINUTW oY O3 PIZFIBUION,

P T A D P g g

w=ﬂ X Q'y ol X LL°% 901 X [2°¢ 01 X 0°8 gl X §°¢ sBUWEY §SOLY
oL X 0°p a0l X R(°¢ (01 X §§°¢ ofl X L°¢ g0l X p'¢g tuwwey $sody
08 - - - 8 PP1-3)

£96 - - . 6L (p1=3)

915 ¢ 06 S961 8L01 £l ot-oy

JAYA S¢010> 0981 +174 8st 1£1-1

£1°9 90°¢ Ve 1€ 81'0 wst1-po

1174 9Lt ¥t . - 111-3y

POl 4 . 6$S 6 $6-42

8es 892 - 862 Lt 16-A

8.8 85t 1sv 651 ~ 68-48

9V~ XUN SY-XUN PV -XUN ZV~XUN apyrony

EV-XiN

*SI0IONAL YN WOIJ UOTISNIJIN Al PAISBI[OL UMOPINYs I ($aTan)) AITATIOV  “IX H18VL

26



Astronuclear
Laboratory

WANL-TME- 1896

‘mltiplvine this value by the curies produced sives 878 curies of Srf? released
from the reactor by diffusion. All values listed for specific nuclides were
calculated in this manner. The gross pamma values were calculated by multiplyine
the fractional release by a factor obtained from the curve given in Figure 7
where the decay of gross fission product activity is plotted as a function of
time.(lz) Since the factors obtained from this curve differ widelv over the
range of rcactor run times, a doutle entry was made in Table XI for gross gamma
release. The first value gives curies released at time of shutdown and the
second value given is normalized to 60 minutes from the beginning of full power
operation. Yo attempt was made in Tablc X! to resolve data for multiple runs

or to correct for decay between runs,
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C. Latest Diffusion Constants
mn The diffusion constants used to compute the release of fission products

from the 46 reactor are summarized in Table XII. Several comments are in order
here:

() The constants listed in Table XII apply to intact, i.e., non-degraded,
Trinlex Fuel.

() All constants, except that for Rb, have been derived both from release
studies in the laboratorv and from measured A6 release fractions.

) Fission products whose contribution to the total generated inventory is
less than five percent of the total, such as 2Zn, Ga, Ge, As, Se, Br, Kr, Nb, Tc,
Rh, P!, and In, were assiened zero diffusion constants. o0 attemnt had deen

made to measure release rates of the above elements in the laboratory. The release
rates for Ir, ‘o, Ru, Xe, Te, and Cs, however, had been determined and were found
so small that one had to conclude that these elements Jo not diffuse measurably in
the 1800 to 2300 °C temperature range,

1) Because of its fast rate of diffusion in the 1800 to 2200 o temperature
ranre, the diffusion constants for Ap were derived from release rate measure-
ments taken at 1200, 1400, and 1600 °C. These measurements arc discussed in some
detail in Section A of Chapter IV.

(i) The release of mass chain 89 is the sum of the individual release
fractions of Br, Kr, Rb, and Sr isotope<. Bromine and krvpton were assigned zero
diffusion constants hecause of their small coantribution to the total fission
inventory., Rubidium was assumed to behave like cesiuwm, i.e., it would not diffuse.
Thus, only the Sr Jdiffusion constant would Jetermine the release of the 89 mass
chain, Uowever, under above assumptions, the prediction of the release of mass
chain 91 was a factor of S higsher than the A6 measurement. To brine the FIPDIT
rrediction more in line with the At measurement, it was postulated that Rb

diffused at a finite rate and an artificial Rb diffusion constant was developed.

2
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TABLE XII. Latest NbC Diffusion Constants for Triplex Fuel.

Element D, (Sec™!) E/R(OK x 103)
Rb 0.155 18.0
Sr 8.00 x 1072 22,0
Y 1.94 x 10°° 13.3
Ag 0.760 12.0
cd 2.76 x 1077 29.3
Sn 1.94 x 1072 10.4
Sb 7.00 x 198 80.0
1 7.00 x 108 82.0
Xe, Te, Cs 0 0
Ba 2.13 x 1072 17.9
La .A72 23.3
Ce 472 24.5

=2 e
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I1T. FISSION PRODUCT RELEASE DURING LOSS OF COOLANT CONDITIONS
A.  Summarv of Past Experiments
(L) Laperiments have been performed to determine the guantitv of fis<jor

product activity which might be released under accident conditions, In th:
event of a loss-of-coolant accident, the temperature of tae fuel will rise
bevond the decradation point. When this occurs, diffusion is much wmore rapic
because the pyrolytic graphite coatine on the UC, is damaped; this coatine

is the major diffusion parrier under normal conditions. An example of che high
temperature effects on the pyrccarbon coatine in Tvpe il fuel can he seen in
Figure: 8 and 9. To determine the Jdiffusion characteristics or fissior product
activity under the loss-of-coolant conditions, the follcwing experinents were

performed.

1. Simulated Loss-of-Coolant Profile
. 1t
(C-RD)  Analvtical stud. *s using the NOFLOW computer program: )

predict
temperatures above the fuel desradation threshold within seconds after a loss-
of-coolant accident. An experiment was devised to simulate a loss-of-coolant
accident and determine the gross fission product release. A 1-1/2 inch section
of 19 hole hexagonal Type IT fuel was used. This sample was irradiated, allowmed
to decay for 24 hours then heated in a vacuum (10'“ torr) for one hour at
temperatures which varied between 2080 OC and 2550 °C as shown hy the temperaturs
profile in Figure 10, This temperature profile (maximum average core temrerature!
was predicted by the NOFLOW code for a 13-minute full power operation followa}

by loss of coolant. As a result of this neating procedure, 66,7 percent of the
gross pamma activity was lost. A FIPDIF prediction for these conditions, using
diffusion constants for Tvpe 111 fuel, pave a release value of 67.3 percent

which agre~d very well with the experimental results. These results were

indicative of wnat could be released from the fuel under these conditions. lowever,
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Fiaure 4. UC, beads in 'as received' Type il
{Maenification 250X},
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Fipure 9. Tvpe 11 Fuel material heated at 2500 C for 5 minutes.
j {(Top 100X, Bottom 9UX)
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it does not necessarily mean that this quantity of activity would be released
from the reactor proper.

(v) Figure 11 shows four paths for diffusi:n of fission product activity
through NERVA fuel. Paths 1 and 2 pertain to noimal operating cond’tions wiere
the fuel remains intact. The rate limiting step here is the diffusion through
the pyrolvtic graphite coat. The diffusion paths in 3 and 4 would represent
diffusion through degraded fuel where the major diffusion barrier has been
destroyed and bulk geometry may become rate limiting. Consequentiv, although a
weasure of fission product loss from small laboratory samples is 3 eood mcasurc
of tne fission product loss from the reactor proper for normal operating condi-
tions, this does not mecessarily apply to the loss-of-coolant case. To better
understand release from the reactor proper under loss-cf-coolant conditions a
series of experiments designated "Unit Cells"™ were conducted.

2. Unit Cells

(C-RD) in order to simulatc the reactor components and geometry from a fission
product release standpoint, experiments were conducted using individual umit
cell assemblies. Each unit cell countained 4 inch long segments of irradiated
NERVA fuel, a non-fueled graphite center element, a support plate, orifices, and
a modified NERVA tie rod assembly. The geometry of an assembly was chosen to
represent a unit cell of the NERVA core and thus provide identical diffusion
path lengths for fission product releasc. Uuring the heating process the unit
cell assembly was contained in a hollow graphite cylinder, 3 inches in diameter.
The unit cell construction is illustrated schematically in Figure 12 and
pictorially in Figure 13. A list of unit cell components is given in Table X\III.
(V) A total of five unit cell experiments were run. The first of these was
a feasibility study with non-irradiated fuel to test the heating rates of tne
vacuue furnace to he used, and to acquaint personnel with the complete experi-
mental operation, Tae first experiment using irradiated fuel was not successful
due to a failure of the unit cell components early in the heating run. With

some modification the next three unit cell experiments numbers 2, 3, and 3, were
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successful. Cells 2 and 3 were heated at 2300 °C for 15 and 30 minutes, respec-
tively, and Cell 4 was heated at 2450 °C for 30 minutes. Each unit cell was
analyzed radiochemically, following the thermal amneal, to determine release
fractions of selected muclides. The results are given in Tables XIV, XV, and XVI,
4] The relative magnitudes of fission product reiease from Unit Cells 2
and 3, both heated at 2300 °C, appears incomgruous since greater release was
obtained from the 15-minute run than the 30-minute run. This incomgruity can be
resolved if the experimental heating profiles given in Figure 14 are considered.
Unit Cell 2 required approximately 28 minutes to reach thermal equilibrium at
2300 °C where it was held for 15 additional minutes. Since diffusion is a time-
temperature dependent phenomena, fission product release will have occurred from
Unit Cell 2 during the loag period required to reach thermal equilibrium. Unit
Cells 3 and 4 were heated differently. The furnace was broueht up to tewmperature
prior to the insertiom of the unit cel! assembly. With this method the sample
reached thermal equilibrium in about 90 seconds. The unit cell experimental
methods and results have been discussed in considerable detail in References (4)
and (5).
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B. .omparison hetween Calculations and Experimental Results

(v) Diffusion constants, derived from laboratory experiments with small
sections of degraded fuel, were used in the FIPDIF computer program to predict
release fractions from NERVA fuel elements. For the simulated los:-cf-coclant
profile experiment, the nredicted fract..nal release of 0.673 for pross gama
activity agreed very wel. with the experimental results of 0.667. Uncoated

Type 111 diffusion constants were used for the prediction and a single section
of fuel 1-1/2 inches long was used for the experiment. Although the agreement
was very good in this experiment, the quest on remained whether these data would
be applicable to the escape of fission products from the reactor proper.

(u) The results obtained from the unit cell experimerts showed that the
above method could not be used to predict release from the reactor proper because
the measured release from the unit cells was appreciably smaller than the FIPDIF
predictions using Type III diffusion constants. A better comparison between
predictions and results was obtained when Type III-NbC diffusion comstants were
usea in the FIPDIF program. A sample of tnis comparison is given in Table XVII
for Sr%? and Bal*%, The predicted release values were significantiy lc.er and
agreed much better with the radiochemical analysis when Type III-NbC constants
were used. This finding tends to reinforce the hypothesis that the release of
fission products from the NERVA reactor proceeds by diffusion through the bC
coating in the fuel element cooling channels. 1n general, however, the release
values determined radiochemically were still lower than the predictions using
Type 111-NbC diffusion constants. Other factors such as coolant channel blockage
or exchange of fission products between aujacent fuel elemer*s may be responsible
for these results,

45



WANL-TME-1896

wniaqeyinbe

‘duey snetydn

03 sosnuty

§'t ‘seynuim

of 40} ), aSp?

1] [ 1] [, ] 1) oot 11} o) peredy|

L4

wnidqyqinbe

‘doe) anstyse

0} ssnuty

[ 48 | YL

o 40} ) o

o 001 1e T 0ot ) o3 Bagean

l

Witdqtpinhe
‘duway eamydw
o) seInutle 9

saynule of 21y

11} nol oS 19 (1] i o NOES Pasral
?
2340 vu0)) SR ISU0) ULIRTIAL Y 3Y 7 SIUMISUO YIUEISHOY) uotItutEsA)A SO ITPYe )
wotung e wisnj g UL I0INEY  UORNNJ L i ["TIRL VY XU [CELCTIRELITITM trudmtdady
MN-{1] iy 111 ediy yiia M8 (0y  c|if a4y yarm 111 8d4g yira aratay PUE Jaam
qita PoyIinsiy ITILLE Y Pay 1004y PajrIPedy ALLIA 1o gty
POVIPOIY MBIl asragay 'Y LT
CALLIET] YA} radh & ads L
[
PWb" f Ly XXl 13 CUP L PEDISOVIPIBACIDO DO PL0GGIBIOEED 400 s . ENEODOPTE 0 oD D

PAMNEAIAL PAPYIPAS Dt T J g d G e 0 PR Hetsety Padiiet b SO Uotdy 'wor o (Y

46



@ -

HANL-TME- 1896
C. Latest Diffusion Comstamts

) During a luss-of-coolant comdition, the core temperature rises rapidly
above the Jegradation point of the fuel. To predict the amowat of fissiom
products released, the FIPDIF code requires diffusiom comstamts of fission
products from degraded or Type III fuel. Such comstamts were derived from release
studies at 2300, 2400, and 2500 °C for ¥, Zr, Ru, Sb, Te, I, La, and Ce. Similar
constants for Sr, Ag, Sa, Xe, Cs, and Ba have beea deternined earlier oa Type Il1
NERVA fuel(*) and were comsidered applicable.

) The diffusion constants for Rb were determimed by assuming release rates
at two tesmperatures corresponding to that of a medium-fast diffuser and usine
these values to compute 2 frequency factor and am activation emergy. The release
mcasurement of Rb is extremely difficult becausse of the fact that the omly muclide
with a reasomably long half life, 18.6-Jay B9, is 3 shielded nuclide of low
fissiom yield.

(V) The diffusion comstants intended for FIPUDIF predictions above the
detradation point of A6 type fuel are preseated in Tatle XVIII.

47



@ e
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TABLE XVIII. Summary of diffusion comstamts for
selected muclides in degraded A6 fuel.
—————— - S
Moclide D, (Sec™') E/C°K x 10%)
LY 400 15
Srl 1.63 1.4
Y 4.0 x 107 70.0
2r ° 0
Mo 0 0
Ru ) 0
cd 400 |3
Ar! | 20
Sal! 18.4 18.2
Sb .78 17
Te 649 38.7
I 7.47 x 108 76.7
Xel 1.03 11.4
Cs? 0.48 10.5
Ba! 1800 20.2
La 21.6 25.0

Ce 0.78 17

These coustants are derived from release measurcments on
Type 111 KERVA fuel, sece Reference 4.
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IV. RECENT EXPERIMENTS
A. Agl!! Release Measurements
() Most fission products do mot diffuse sigmificantly from Triplex Fuel

at temperatures below 1300 . Am exception to this is silwver which diffuses
more rapidly tham amy of the fissiom products studied. Simnce mearly all of the
silver was released in the higher temperatures experiments, separate experimesats
were perforwed at lower temperatures to determine the diffusion characteristics
of this nuclide. The diffusiom of this species is important because it is a
precursor to cadmium which is used to determime aliquot factors of effluemt
samples from reacter testimg. Although diffusion experimeants for silver were
rum on all types of fuel, oaly the most recemt experiment involving NbC-coated
Triplex Fuel is described here.

(V) Irradiated samples of Triplex Fuel, 1/4-inch thick, comnletely coated
with WC, were heated at temperatures of 1200 °C, 1400 °C, and 1600 °C for time
periods of 5, 15, 30 and 60 minutes. The release of Ag!!! from cach sample was
determined by radiochemical amalysis. Diffusion constants were calculated for
each of the three temperatures and were plotted agaimst 1/T K to determime the
overall Jiffusion comstant. The results of this experimeat are shown in Figure 15
along with an error emvelope calculated at the 95 perceat comfidence limit.
Similar curves for other muclides have beea reported previousl_v.(‘)
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8. Release of Tel2%® during NMRX-AG Tests

() The release of fission product activity duriug NRX-A6 testing was
determined by analysis of effluent somples takem during testing amd by post test
fuel analysis. The efflueat samples were takea at S, 12, and 20 mimutes from
the beginning of full power operation. At this point in time the sampling
apparatus, the 'Elephant Gun', malfunctiored, precluding further saspling. The
fuel analyzed comsisted of fifty 1/4-imch slices, represeamting a five by ten
matrix of the NRX-AG core. Tem equally spaced slices were takem from each of
five fuel elements selected from differeat radial positioms in the core. The
results of these amalyses were reported prwionsly(") except for 37-dav Tel2%a
which was completed only after the report had beemn issued. The measurememt of
Te release was umdertakea to derive diffusion constants of Te isotopes which are
the precursors of the biologically important icdime isotopes.

w) The results of the fuel smalysis for Te!29® ghowed that 9.42 percent of
mass chain 129 was released curing the 60-minute operation of NRX-A6. With this
relatively high release of Te!29® the *Elephant Gua® data was examined for
Tel29® content. The tellurium activity found in the 'E' gun samples was
originally assumed to be all 78-hour Te!32, An examimation revealed that 25
percent of the tellurium activity in the ‘E' gun counting samples was Tel29®,
The counting data was resolved for the two components ard calculations were made
to deternine the release values of both Te!2%® and Tel32, These results are
given in Table XIX along with fuel amalysis results, and the wost recemt FIPDIF
computer program release predictioas for these nuclides. The results show good
agreement between fuel analysis amd the FIPDIF predictions and fair agreement
with the effluent results. This is also comsistemt with laboratory data. Experi-
ments in the laboratory have shown that tin diffuses faster than aantimony, and
antimony diffuses faster tham tellurium through NERVA fuel. These elements are
wembers of mass chain 129 and 132 which are shown in Figure 16 with their
respective half lives and fission yields.(!?) By analyzing these chains it can
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be seen that during a 60-minute rum most of the mass 129 atoms are present as
$a!2? and Sb!2? atoms, while most of the atoms in the mass 132 chain are preseamt
as Tel3? aroms. Since tin is the fastest diffuser in these chaims, it follows

that such more release should occur in the mass 129 chain than ia the mass 132
chain.

AT V-0 T2 ~2_
2 LeHsa D a6 &"Q l 16w 10 v 1'? STABLE Xe' 2
D —— —

4.09309 2 1073 2.6 %1073 M Te' D 0 0
6.1925 » 1074

8.0235 » 1073

w2 2emsa® s o mwwR'® o 2w ®

9. 3197213 2060824  10°2 1.220488 x 10°2 1.67067 x 1077
STABLE Xe' 2 4.380352 % 1072
)
FISSION YIELDS OF MASS CHAINS 129 AND 132 612753168

Figure 16, Fission yields of mass chains 129 and 132,
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C. Experimental Approaches to Prepare Degraded Fuel

w) Two experimental methods were comsidered for the Jetermimatiom of
diffusion constants for the loss-of-coolant comditions. Oae method was to
irradiate intact fuel and heat the samples at temperatures above the degradatiom
point. The other method was to degrade the fuel before irradiation and thea

heat at lower temperatures. A preliminary experimeat was performed to determime
which of the two methods would be used for further experimemtationm.

(v) Sixteen, 1/4-inch samples were used from a regular, chammel coated,
Triplex Fuel element for this experimemt. Eight of these samples were kept
intact, while the other eight were preconditiomed by heating in an argon atmosphere
at 2500 °C for 1S minutes. After irradiation, twelve of the samples were heated,
individually, for 1S-minute time periods at temperatures of 2300 °C, 2400 °C amd
2480 °C. The latter temperature was originally scheduled for 2500 °C, but 2480 °C
was the maximm temperature that could be achieved without changing the tap
positions in the RF generator. The other four samples, two of each type, were
retained as controls. All of the post-irradiation thermal anneals were dome in

a flowing helium atmosphere to minimize graphite sublimation. The gross gamma and
Lal%0 release values were obtained by gauma counting the samples before ard after
each heat. The samp.®s were then dissolved and analyzed radiochemically for

YOl 2r95, Mo99, 113}, Tel 2, and Cel!®!, Results from the 2300 °C temperature
were scattered because release values were low, However, good data was obtained
from the 2400 °C and the :480 °C runs. The results, gisen in Figures 17 and 18,
clearly show that fission product release is much less for intact fuel than it

is for preconditioned fuel. Because the fuel is initially intact for the loss-
of-coolant sitvation, the decision was made to determine degraded diffusion
constants by using intact fuel ard heating at temperatures above the depradation
point, even though it is the more difficult of the two methods.
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D. Fission Product Release from Triplex Fuel Beyond the Degradatiom Point

v Three separate experisents were performed to determinc fission product
release for the loss-of-coolant situation. Fourteen, 1/4-inch slices of produc-
tion type Triplex Fuel were used for each experiment. Twelve of these samples

were subjected to post-irradiation thermal anneals and two were retained as

control samples. The thermal anneals comsisted of heatine the samples, individually,
at temperatures of 2300 °C, 2400 °C, and 2500 °C for time periods of 5, 10, 20

and 30 minutes. Each sample was heated in a flowing helium atmosphere. The gross
gpamma fission product release was Jetermined by gamsa counting the samples before
and after each heat. The release of Lal"® was determined by counting the samples,
before and after each heat, an a 512 channel pamma ray spectrometer and observing
the change in the 1.60 MeV gamma peak. The fuel slices, including the controls,
were then Jdissolved and analyzed radiochemically for Y21, Zr?3, Mo%?, Rul03, spl27,
Tel2% 1131 ap4 ce!®!, The fractional release of each nuclide was determined by
comparing the activity in the heated sample with that in the controls. The results
of the three experiments were averaged and are given in Table XX. Smooth data was
obtained in most cases. The exceptions were Zr?5, M0%2, and Rul%3 where low release
values caused a fluctuation in the final results., The release was less thaa 10

percent in all cases for these nuclides.
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V. SOURCE TERM PREDICTIONS FOR R-1
A. Normal Operation
V) The FIPDIF prediction of the release in percent of selected fiss‘on

products during a one-hour run of the R-1 reactor at full power is summavized in
Table XXI. The power profile was assumed t¢ be of a simple square wave shape.

The temperature profile of the R-1 core at full jower was tzken from Reference 15.
For comparicon, the FIPDIF prediction for the A6 reactor run is also included in
Table XXI. The power output of A6 increased during the first ten minutes from
zero to full power and was kept at this level for 60 minutes. Tne diffusion
constants used for the FIPDIF predictions were the same in both cases, i.e., the
R-1 fuel was taken to be the same as the A6 fuel.

V) Various safety organizations are particularly concerned avocut the relcase
of iodine activities due to its biolegical significance. A comparison between
the release of mass chains 131 to 135 from R-1 and A6 is presented in Table XXII,
V) Since t:e R-1 is designed for operation at higher core temperatures than
the A6, it is not surprising that FIPDIF predicts a higher release of fission
products both in terms of number of atoms and percent. The conceptual difficulties
as to the exact meaning of 'gross gamma® are discussed in Chapter VII,

9
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TABLEL NXI. Comparisom betuweem the computed perceat release of selected mass chains
from R-1 amu A6 rc ctors after 60 minutes of fu'l power operatiom.

Perceat Release from

Mass Chain R-1 AS
) .27 2.97
91 1.40 0.89
95 0.056 0.036
111 33.0 33.7
115 51.6 47.7
123 20.7 20.6
131 2.14 1.26
137 5x 103 $x10"
140 1.30 0.94
141 2.29 1.56
144 2.01 1.30
Gross Gamma 1.26 0.84

TABLE XXII. Predicted iodine and gross gamma release from A6 and R-1.

AS Release R-1 Release
Nw_lide Percent Curies Percent Curies
1-151 1.26 1.43 x 103 2.14 3.11 x 103
1-132 0.43 .25 x 10* 0.67 1.21 x 10°
I-133 0.07 1.61 x 103 0.38 1.15 x 10
i-134 0.03 2.65 x 1o* 0.2 1.85 x 109
1-135 0.03 5.75 x 1 9.45 4.16 x 10
:ross Gamma 0.83 2.30 x 107 1.26 2.84 x 107

o0
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B. Loss of Coolant Accidest

()] For the prediction of the fission product release during a less-of-
coolant accidest, the B-1 was assumed to be fueled with AS type fuel and to
eperste normally for 30 mirutes at its design power level of 1575 msgmmtts after
which a loss of coolamt wvas assumed to occwr lasting fer 10 mimstes befere less
of strecturai integrity. The power profile dering mormal eperation agsin was
assumed to be of a simple square wave shape. The core temperatures required as
input data fo:- FIPDIF were extrapolated from a theoretical amalysis ef post-
aperative heatiag of the R-1.('®) The predicted release of seme fission products
for noraal and accident cases are preseamted im Tabie XXIII.

TABLE XXI11. Predicted release of selected fission preducts frem B-1
after 30 miautes of operatioa followed by a less-of-ceslamt failwre.

Percent Release After

Mass Chain 30 Rin. Xormal Operation Loss of Coolamt
89 2.52 22.3
9] 0.92 1.9
9% 0.048 0.1

111 17.6 38.7

118 4.7 54.2

123 12.3 4.7

131 1.75 69.9

137 0.005 0.0

19 0.63 6.7

141 1.01 17.3

144 1.07 20.2

Gross Gaama V.67 18.2
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W) Two facts are immsdiately obvicus from am inspectiem of Table XXIII:

1. ¥aclides vhich wndor nsemal eperating comditiens would met measurably diffuse
such as 2r¥5 er Cs!¥, sye being relensed wnder accideat comditions, and

2. The fraction of I-131 vhich is cxpected to be relessed is substamtial.
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Vi. EFRLEENT SAWPLING TEOBIIQRES

) The reloase by diffusion of fission preduct activity was determined by
post-eperational fusl amalysis as described in Chapter 1I1. Although fuel amelysis
is impertast snd yields wvalusble informatien, it dees logve semething to be
desired. For instance, fuel anelysis caanet reselve tetal release values imto
reloase values for separate full-power rums of a single rescter. Also, it cammot
deternine the €issien preduct release due te corvesion. Another disadvaatage of
fuel amalysis is that fer low release asclides small errers in radiochemical
analyses preduce large errors in the final release values. To obtain more
exteasive relesse data, and in some cases, more reliable diffusien data, msethods
for sampling the rescter efflusat during full-power eperation were eaployed.

()] One wethod wvas the use of aircraft, vith ving-mommted filters, to sample
the exhaust gas clowd during, and ismediately after full-power operatiom of a
reactor. This method was employed for the full-pewer rcas EP-4 and EP-4A of the
MRX-A4 reactor, and for EP-3 and EP-4 of the MRX-AS reactor. Im cach case the
filters were retrieved, dissolved, and analyzed radiochemically. Cloud aliquot
factors were determined by using Cd!15 as am indicater msclide. This auclide
was chosen because its release valwe during full-power eperat. is mear S0
percent, and its exact valee cam be detozmined quite accwurate: fuel amalysis.
The fissiom product loss from the reactor due to corrosion was determined by
amalyzing the aircraft filter samples for M. This seclide was chosen because
laboratory data shows that wone of the clemsmts in mass chaia 99 diffuse under
moreal reactor test conditions. Therefore, amy No%9 activity observed im the
filter samples was presumed to be from corrosion amd mot diffusion. With this
amalytical tool it was possible to resolve total release values irto the two
components, release by diffusion amd release by corrosiom.

{v) To illustrate the usefulmess of aircraft sampling, the release valucs
of some selected muclides for separate full-power Tuns OB NRX-Ad and NPY-AS are
given in Table XXIV. These values are givem in terms of curies at time of

63



|
®

BANL-TME-1896

....-........-.......u¢¢u.‘ 4|h.-.-..-....-.-.......-...............-..........-..-.-............-........
01 X 0% 01 % 'S 01 X g% 01 % 2'8 01 X 0°2 (00 X 2°1 swwe) §5039
0882 00nZ 09 gy 0L29 99¢ opt-vg
oczt 0ot1 0Lt 956 ozoy %6 5=
pt 0L " £61 g1 08 tre-ty
go11 0011 £ 2061 0851 228 §6-42
166 0z6 1w $$L2 0zye ss 68-35
{9304 pedd -8 19304 vo-dd pedi e

wod S9010N SO%IN

"sorduns J0311) 3j%S0418 WO PESEQ SY-XUN PUS pY-XYN WOJ) A3TATION 3onpoad UOTSSTA . IXX FTEVL



@

shutdown and include relesse by diffusion and corrosion. Calculatioans were also
made for these tests to resolve combined release values iato their diffusion and
corresien compoments. An example of this is givem in Table XXV for gross gamma
release in terms of percemt of total inveatory. Hore detailed resuilts of release
from MRX-AMM and MRX-AS have been reported in Referemces (9) and (10). Aircraft
filter amalysis provided a great deal more data with mmch less effort tham Qid
fuel amalysis. Discrepancies were chserved, however, whea release values by
diffusion were compared between aircraft filter sad fuel amalyses. In mamy cases
much higher values for reloase by diffusion were obtained frem filter smalysis
than from fusl amalysis. A pessible reasom for this could be the retemtiom
efficiency of the filter msterial for differeat muclides in the effluent cloud.
Therefore, to ebtain better diffusion data, a new device for smmplang the effluent,
designated "Elephant Gun®, was developed by the Los Alamos Sciemtific Laboratery.
(L)) The *Elephant Gun® censists of a rewolviang-type drum with eight cylinders,
a stainless steel camister positiomned in each of the ecight cylinders, and a
delivery tube throuwgh the test cell coscrete shield wall. The systeam is designed
to sample the efflusat gas stream just above the reactor exhaust mozzle. At
selected time periods the camisters are injected into and extracted from the
efflusat stream, oue at 2 time. This permits ecight samples of effluent gas to
be taken Jduring the course cf the run. The ‘Elephant Cum® was made available to
WAML for sampling effluent during the MREK-A6 test. Unfortumately, omly three
sanples out of the planmed eight were cbtained because of a system malfunction.
This provided fission prodeuct release data ~aly up to 20 minwtes of full-power
operation. The reactasr was operated at full power for z total of 60 minutes.
Cousequently, a2 direct comparison of release valwes could not be made between
‘Elephnt Gun' samples and fuel amslysis. The results were reasonable, however,
since the cmister amalysis from 20 miautes of full-power operation gave lower
release values tham fuel amalysis. The fuel samples experienced the full ¢0-
minste rum time. The "Elephant Cun' sampling system was co=cluded to be a w.rth-
while supplement to the fuel amalysis. The complete results of fissiom product
release from NRX-Ab have been reported in Referemce (11).
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TABLE XXV. Gress gamme relesse from IRK-A4 and MRX-AS
based on aircraft filter samples.

Reactor Experimsntal Percont Reloese of Total laveatory
Plan Diffusion Cerresion Total

MRX-A4 EP-4 0.80 0.65 1.45
EP-4A 2.95 4.41 7.30

m“s 9‘3 o.z’ o.ﬂl 0.30
EP-4 1.70 2.3 4.00
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VII. ACCURACY OF SOURCE TERM PREDICTIOX
A. Predicted Source Terms
) The designatiom ‘source term' has had several wmeanings in comjumction

with the NERVA Program. [m its broadest semse source ter® refers to the

amount of fissiom product gemeratiom and decay im reactor fuel, the diffusion of
fission products from the fuel at high temperatures, mewtroan activation of NERVA
engine materials and the effects of re-emtry oxidatiom and ablatiom of resctor
fuel and structural materials on the total radiosctive inveamtory.

)] The source temm which is used in comjumction with the fission product
diffusion program is more restricted.
) For our program, source term is defined as the quantity of amy radio-

active fission product remsining in the NERVA reactor plus the queatity of that
wuclide released from the reactor during reactor operatiom. :

) As an example, the [!3! source tera for a particular reactor rum is the
total number of curies of 1!3! remaining in the core at T), which is the reactor
shutdown time, together with the total mmmber of curies of 113! released up to
time T,. In practice, the activity relessed is that of mass chain 13i, and for
short periods after the rum the activity would be due to iodine precursors Saldl,
Sb131 ) and Te!3!, Thus the I!3N source term may be considered as potemtial 113}
calculated at time of reactor shutdowa.

w) A special case which must be considered is the gross gamma source term.
In this instance we are comcermed with the sum of the activities of all nuclides
which emit gasma radiation. The relative proportions of the various nuclides
contributing to the gross gamma activity changes with time. For time periods

of the order of minutes after a fissiom event the change in the relative propor-
tions of the cuntributing nuclides is very rapid. All of the gross gamma source
tera predictions to date have beea calculated at time of reactor shutdown. It
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must be appreciated that these calculated gross gamma source term predictions
will not exactly correspond to the measured gross gamma activity at any time
after reactor shutdown,

()] For all of these predicted source terms the calculations are made with
a computer code called FIPDIF, FIPDIF is a program writtem im Fortraam IV for
the calculation of the fission product release and the fissiomn product imveatory
remaining in a aulti sectiom NERVA reactor core. Im its preseat form it cam be
used to simulate a reactor startup-run-shutdown profile comsisting of as many as
forty time intervals. These time intervals may be of amny desired lemgth. During
each time interval, a power level and temperature is specified for each core
section. As mamy as sixteem core :ectioms may be used. At the comclusion of any
or all of the specified time intervals, the following data may be prianted out:

) a. The remaining fission product imnventory im each core sectiom amd/or
the total core iaveatory of each isotope.
(v) b. The curies of each or all isotopes which have diffused from each

section and/or the total curies of each or all isotopes which have diffused from
the core.

) A more complete descritpiom of this code is given in Referemce 17.
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B. Measured Socurce Terms

()] The quantities of radiocactive nuclides released from the reactor or
retained in the core have been detemmined by several techniques described in
Chapters 11, IIl and IV of this report. The quantity of any nuclide measured
subsequent to a2 reactor test cam be corrected for decay to reactor shutdown time
by well established decay comstants. Thus, a normalization procedure can be made
for making correct comparison of measured release with predicted release.

) A special case is the gross gamma source term. Moasurements of the
gross gamma activity released from the reactor or vetained im fuel slices are
made in an iomization chamber. Extrapolation of these measurements back to
reactor shutdown time is made with the Way-Wigner velatiocaship (Chapter II) which
gives the activity of mixed fissiom products as a functica of time. This
relationship is calculated, rather thamn experimeatal, with an estimated accuracy
of 20 percent. Thus, the weasured gross gamma source term is less accurate tham
the measured source term of individual auclides.
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C. Compariaon of Predicted amd Msasured Sowrce Teras

(v) Ia order to test the accuracy of the source term predictioms for the
release of fission prodacts, ratios of the predicted source terms to the
measured source terms for the various reactor tests have beem calculated. Im
this manner the ratio becomes am accuracy index, with accuracy increasing as the
value of the ratio approaches wmmity. Comservative source terms, with the
predicted release of fission products greater tham the measured release, will
result in ratios greater tham waity.

v) The ratios of the predicted I!3! seurce term to the measured 1131
source teras for the various reactor tests are summarized im Table XXVI. It

may be seem that a minimm ratio was 0.44 for the NRX-A3 test, while the mexime
ratio was 1.97 for NRX-A6.

v The discrepancy between predictod and measured release im the case of
NRX-A3 is believed due to too low 2 valwe of the predicted release. For this
calculation appropriate diffusion constants were mot used. As a result of this
discrepancy the diffusion conrstants were msodified amd the predicted and measured
1131 source terms of the mext reactor test, NRX-EST EP-IV A, were nearly ideamtical.
v The discrepancy betweea measured amd predicted 113! source terms for
the NRX-A6 test is believed due to am imcorrect measurement of the 1131 release.
Values of release for the NMRX-A6 reactor were determimed by am insemsitive
technique of post mortem fuel amalysis. The small value of 113! release from
NRX-A6 is incomsistent with all previous rvms amd therefore suspect.

) The minimm and maximm ratios of predicted and measured source terms
indicate that errors exist in the measurements as well as the predictions. In
view of combinational probabilities of these errors, discrepancies in the
‘Predicted over Measured® ratios for individual nuclides of the order of 100
percent can be expected, especially when the release is low.

({])] Included in Table XXVI are ratios of predicted-to-measured gross gasma
source teras. The use of improved diffusiom comstamnts have also improved these
nredictions to the point where prediction and measurement compare favorably,
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VIII. ADDITIONAL INFORMATIN REALIZED FROM DIFFUSION EXPERIMENTS
A. Bead Damage Studies

V) The isothermal release by diffusion of most fission products from
irradiated NERVA fuel sections was found to foilow a two-term ratc equation of

the form
f = g) exp(-Dt) *+ g, exp(-Dpt), (3)

where f is the fractior of fission products retained, t the heating time, D,

N, are diffusion constants, and g,, g, are weighting factors defined as Ig;, = 1.00.
The 'wo terms in equation (3), describimg diffusion through two different barriers,
lif.er vastly in magnitude. The combined effects of the pyvrocarbon ccating around
the beads and the MbC coating of the coolant channels is believed to be accoumted
for by the term g, exp(-D,t), the slowly diffusing fraction. The *fist' term,

g1 exp(-Djt), is believed to describe diffusion tarough the graphite matrix.

(C-RD)  Recent measurements of the Xe!33 release from fuel beads, crushed in
various degreces suggested that the *fast' temm in equation (3) indeed is related
to the magnitude of exposed, i.e., hydrolyzable, UC, surfaces. Thus, the 'fast®
term describes diffusion of Xe!33 through UC, and evaporation from an open UC,
surface. In fact, the amount of Xel33 released, in terms of counts per minute,
under standardized experimental and counting conditions has been directly related
to the amount, in milligrams, of hydrolyzable UC, in a givin fuel section.

Because of the wide appiicability of thi- method, the standard experiment condi-
tions are summarized below:

a. A 1/4-inch section of fuel is irradiated to -3 kW-hours which
corresponds to approrimately 2 x 10!3 fissions.

b. The exact number of fissions which have occurred in the sample is
measured with an ionization chamber.

cmnrl S g;::_:;.
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c. The sample is heated to 2000 °C for 30 minutes with a 45 to 50
second heat-up time, the time required to reach 2000 °c.

d. The released Xe!33 is adsorbed on 2-3 grams of activated 6-15 mesh
charcoal at liquid nitrogen temperature im special U-shaped tubes.

e. The heating must tzke place as closely to 4.0 days ailer “he end of
the irradiation as possible.

f. Each Xe!33 sample is counted at least three times om a 3" x 3" Nal
(T1) gamma detector in a special holder 10 cm from the crystal face. The net
count rate is that of the 81 keV panma ray of 5.3-day Xel!3?3 with natural back-
ground and Compton contribution subtracted.

g. The counting data is normalived to 3.275 x 1013 fissions per
sampl- and to 140.0 hours after the end of the irradiation,

(C-RD) As expected, the curve relating Xe!33 count rate with ‘*hydrolyzable’
uranium is not a straight line. The Xe!33 measvred has two sources of origia:
(a) release from brokem or damaged beads, and (b) release by diffusion from
intact beads. The ratio of the amounts of Xe!33 from each source is not constant
for different sample sizes. Mathematical treatment of the input data to straigiten
the calibration curve results in greater 'mcertainties. In its present form, the
above method has a lower limit of Jetection of about one nilligram of uranium,
sufficiently low for the detection of exposed uraniua in a production fuel
element,

afnuminbnneusdohedS 4 73
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8. Teaperature Deterninctions Based om Diffusion Measuremenmts

th)] It has loag deen recognized that the release of fission products from
NERVA fuel is a temperatuvre-semsitive process. Alse, the temperature dependence
of the removal rate of fissioa products cam asdequetely be described by an
Arrhenius type relatiom which suggests that the removal vechsmism is mostly
diffusion. Thus, knowing the two sateriasl-dependent comstamts im the Arrhemius
equration, frequemcy factor amd >ctivatiom energy, ome should be able to deduce
tae tempcrature to which a section of fuel was exwosed vhen the relesse of a
suitable fission product is meas: :

1. Relation Between Fractiomal Release and Temperature
) In order to derive an analytic expression relating a measured quamtity,
the fractiomnal 12lease of : fission prodw.t with thc quamtity of i-terest, tine

fuel temperature at ‘peai’ power operatioms, the following conditions should be
satisfied:

2. The i1ndicator nuclide saculd be 2 s!.u or medium fast diffuser.

b. Axial temperature aml power profiles smouid be of the same shape
evervwhere in the core.

c. Release rates of the indicator muclide varies from locatiom to
location within the core orly because the core temperatures vary; i.e., release
by corrosion is =xcluded.

d. The temperature dependence of the release rate of the imlicator
nuclide is gaven by an Arrhiernius-i.ype equation cof the form U = Ro (exp-L/T),
~nere Ro is a frequercy factor and L an activation eaergy beti of waich aave
been determined in laboratory experiments.

c. The _atio of the fractional releases (f) at the temsperatures T;
ane 1 swould be equal to the rat.o of tnc amounts (') released at tac samc

tenperaturcs, or
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£(T)/£(T3) = X(T,)/N(T,). )
()] The va' “lity of equatim (4) has boen verified in laboratory experimests.
4] Tn derive the relstion between fractiomsl releases ane temperatwres,

ie exp(-L/T)) and 'o exp(-L/T;) are substituted in equation (3) fer X(T,) and %(T;).
The result is

£(T))/€(T2) = exp(E/T; - E/T}). (5)
Equztiom (5) them is revrittea after substituting T, = T, o AT as
AT = T,2 1a (F(T;)/€(T)/(E - T; 1n (£CT3/€(T2))]. (v)

Equatioa (0) is the desired relatien betwesn measswred fractiomal releases £(T,)
and £(T;) an tie teaperature differemce LT bet.ecn T; ami T;. It may be of interest
tc note that only am activation emergy but mot 3 frequeucy factor appears in

eguation (6).

2. GQalculation of Temperatures from Measured Release Rates

{U) To determine the capability of equatioa (3) 2o predict temperalures in
the A6 core, release seasurements of the 125-Jay Sal2¥ jsotcpe om sectioms of
element 1DIG of the A6 core takem at differeat core statioms were carried out.
The nuclide Sa!?3 a5 chosen as indicator auclide becawse of its comvemiently
long half-1. . amd particularly because of the fact that the precursors of Sa in
the 123 mass chain have very short half lives so that Se!?™ js in fact the
diffusing species. The fractional releases of Sa'?3® from sectioms of fuel
element (DIC as a function of core statiom are swummarized in Table XaVll.
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TABLE XXVII. Release of Sal2da grep Flement 191G.

Core Statiom fraction . Su!Z% Relcased
(Inches from Cold End of Elemeat) Buring AS Test

2,25 0.008

7.5 0.008
12.75 9.000
18.0 0.000
23.25 0.008
28.5 0.164
33.75 0.316
39.0 0.581
4.2 0.698
49.5 0.698

(C-RD) Appc-remtly, core statioa 23.25 was hot emough to release a measurable
amoumt of Sui23 from the fuel element. As fractional relesse f, in equation
(6), the rviease observed at core station 28.5 was used at a temperature of
2020 %K, measured by thermocouple. A value of 2.06 x 10° caler:ey was used as
activation. emergy, wvhich had been dedxced from laboratory msasurements of the
tin release as a function of temperature. This vaiue i3 also used as an input
datum in the FIPOIF code. The element temperatures, predictod by the TNT code(®
and computed from equatiom (6) are listed in Table XXVIII.

(v) The agreement between predicted and computed fuel element temperatures
i5 very close. 1hese preliminary calculations indicate the feasibility of
'measuring’ in-core temperatwvves which are either difficult or impossible to
measure by another means.
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TASLE XXVIII. Comparisoes betweea predicted (TNT Code) aad computed
teaperatures of Element 101G,

Prodicted-Conputed .
Predicted Temperature Computed Temperature Tomperatures

°x) Cx) T (%)

2240 2275 35

2395 2341 54

2495 2495 0

2510 2495 *]5
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IX. THEIRETICAL CONSIDERATIONS

) mnrotrummummamm.no.ua
activation emergy, E/R, for each nuclide im its library in order to compute the
release of these muclides by diffusien from am operating MERWA reactor. Im order
to assign diffusion constaats to nuclides whose release has not been measured,

a relation between a physical or thermodynamic property of fissiom product
eclements wvhose release had beon measured amd either the frequemcy factor n“ or
the ac.ivation energy E/R is uesded as a guide. The pertimeat literature
provides very little inforsatiom as to which physical properties are expected to
coutrol the release of fissiom products by diffusiom.

) Faircloth and Flowers{!?) cbserved that metallic fission products which
form the least stable carbides escape fastest from a graphite matrix fuel. Im
ROT. quantitative teras, they postulate that the eathalpy required to evaporate
one mole of a fission product from its mest carbom-rich carbide is directly
related to the diffusion rate of that fissiom product. Oa this basis, Faircloth
and Flowers suggest im which order fission product muclides cam be arranged
according to increasing or decreasing escape rates. Such a sequemce of fissiom
product nuclides is mot obtained whem the muclides measured at MANL are arranged
according to decreasing frequency factors or increasing activatiom emergies.

) Contrary to the cbservation at WANL, investigators at Battelle(29)
believe to have evidemce that the values for the diffusion coefficients depend
upon the vapor pressures of the fission product elements.

)] The thermodynamic and physical properties tested for parallel tremds
with the measured frequemcy factors and activation energies were:

a. enthalpv of vaperization at the boiling point,
b. vapor pressure at 2000 °C,

€. vapor pressure at the boiling point,

d. boiling point,
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e. atomic radies,
f. iomization potemtial,
g. electrom binding energy,
h. atemic smber,
i. thermoiomic work fumction, and
j- periodicity in the sease of the Pericdic Table of Elemonts.
) No cbvious tremds between above properties amd either D, or E/R were
formed.
) The larg: variatiom in frequemcy factors im Table XVIII, and the lack

of amy paralle]l tremds between measured frequamcy factors or activation emergies
with other physical or thernodvasmic properties of fissiom product elemeats cam
be taken as am imdicatiom that the fissiom product release from NERVA fuel cammot
be described by a simple diffusion model. Indeod, there is evidemce im the
pertinent literature{Z1°22) thar surface evaporstion should also be included in
such a model.

(u) A more complete description of the isothermal steady state release of
fission products from NERVA fuel is given b an empirical equatiom of the fors

F= (1-K) (f, * £) * K(fy * £) »Qfg! + £.1), ()

where F is the fractiom release, K the fractioa of brokem beads, f c the fractional
release rate by diffusiom through the pyrocarbon coating of the beads, fs the
fractional release rate by sublimatiomn from the surface of the beads, fR, fu the
fractional release rates from free UC, surfaces by recoil and by diffusion,
respectively, fnl' fl,l the fractional release rates due to uranium contamination
in the pyrocarbon coating by recoil amnd by diffusion, respectively, and Q the
amount of uranium contamination in the pyrocarbon coating.

(v) Thus far, the derivation of a diffusion constant for a specific nuclige
from rclease rate measurements was based on the assumption

F= (1-K) f . (R)
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The term Q(f,! o fo‘) in equation (7) is very small because Q was determimed to

be very small. This term can be neglected. The term K(f. . fl)) uas foumd to be
of the order of 5 perceat or less of the total release from 1/4-imch fuel sectioms.
Since the ratio of the number of brokem beads versus mumber of iatact beads is
appreciably smaller for a full leagth fuel elemeat tham for a 1/4-inch sectiom,
the second term cam also e neglected in FIPDIF calculatioms. Above comsideratioas
ave the justification for using only °*slow' diffusion comstamts as input data

for the FIPDIF code. The good agreement between FIPDIF predictions and the measured
release of most mass chaims during the various NRX reactor rums confirms the
approach for deri. ng diffusiom comstants as basically correct. Amother implica-
tion of these considerations is that the magmitude of f_ compered to fc mst be

small. Thus, equatiom (8) is 2 reasomsble amnd useful simplificatioan of
equatioa (7).
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X. POSSISLE EFFECTS OF NEN FUEL DEVELOPMENTS ON
THE SOURCE TERM FOR NERVA REACTORS

(C-RD) Im the following an educated guess is attempted as to the effects of
future coatemplated changes of NERVA fuel om the fission product release.
Such changes are

a. the wse of a higher demsity graphite matrix than, for example,
in A6 fuel,

b. the replacement of the immermost pyrographite coat arousd each
UC, kernel by a spoagy modificatiom of grajhite,

c. anm additiom2) coat of zircomium carbide aroumd the Triplex beads,
and

d. a thicker pyrocarboa coating around the UC; kermel.

(C-RD) 1Items a, c, and d are expected to increase the effective diffusion
barrier for fission products; their release from R-type reactors at A6 core
temperatvres most probably will be lower compared with the release from the A6
reactor. However, the higher operating teaperature for which the R-type reactors
are desizned may more tham offset tue retarding effect of higher diffusion
barriers om the fission product release.

(C-RD) Item b may or may not have any effect on the actual fission product
release, since the spongy graphite la,er nearest to the UC; core is intended to
prevent cracking of the pyrographite layers of the bead due to differemt thermal
expansion coefficients of pyroca~'+n amd UC, kernel. Although it is conceivable
that the spongy graphite indeer - s act as a true sponpe by °"soaking up® fissiom
products amd thus in effect increase the effective diffusion barrier somewhat
more, the existence of such an effect would be rather difficult to verify
experimentally.
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